INTRODUCTION
============

Inflammatory bowel disease (IBD) is a gastrointestinal tract disease that manifests as Crohn's disease or ulcerative colitis and is characterized by chronic inflammation in the gut. The ethology of IBD still remains unknown but studies of its pathogenesis suggest that malfunction of the intestinal immune system and environmental risk factors, such as the gut microbiota, are important in this disease.[@b1-gnl-14-100],[@b2-gnl-14-100] The intestinal mucosa provides the primary defense barrier against gut microbiota, with high levels of inflammation triggering reactions in the body. Bacterial attack induces activation of the immune system, resulting in cross-talk between lymphocytes and antigen-presenting cells. Simultaneously, gut microbiota stimulate the epithelium and increase the secretion of chemokines and cytokines, which activate mucosal immune cells.[@b3-gnl-14-100] However, it is unclear whether an abnormal immune response to a normal microbiota occurs or a normal immune response to abnormal microbiota occurs.[@b4-gnl-14-100]

In the past 20 years, numerous studies have identified specific factors contributing to IBD pathogenesis such as autophagy,[@b5-gnl-14-100],[@b6-gnl-14-100] barrier defence,[@b7-gnl-14-100],[@b8-gnl-14-100] and T-cell differentiation signalling,[@b9-gnl-14-100],[@b10-gnl-14-100] but a cure for IBD is lacking. Treatments for IBD involve symptom alleviation using anti-inflammatory agents such as steroids or removing a segment of the colon in the uncontrolled state. Although biological agents such as anti-tumor necrosis factor (anti-TNF) can be administered, 40% of patients show no response to this treatment.[@b6-gnl-14-100]

Reactive oxygen species (ROS) are released during normal metabolism and play an important role in biological regulation. Cells have developed anti-oxidizing agents such as catalase, superoxide dismutase (SOD), and glutathione to protect against ROS and their adverse effects. However, homeostasis of redox signaling is disrupted by excessive ROS production to result in cell injury. Increasing evidence from recent studies indicated that oxidative stress is associated with the pathophysiology of inflammation, cancer, diabetes mellitus, hypertension, ageing, and neurodegenerative disease.[@b4-gnl-14-100],[@b11-gnl-14-100]

Mesenchymal stem cells (MSCs) have been identified in numerous organs including the bone marrow, adipose tissue, dental pulp, and skeletal muscle; moreover, MSC niches are associated with the micro-vasculature throughout the body in the form of pericytes. These cells can differentiate into diverse mesenchymal cell lineages and exhibit the potential to increase the regeneration of damaged tissue or organs.[@b12-gnl-14-100] MSCs secrete cytokines and ameliorate the microenvironment for tissue regeneration. Additionally, MSCs have potent immunomodulatory effects by decreasing inflammatory cell proliferation and cytokine secretion from cells.[@b13-gnl-14-100]

Interleukin-10 (IL-10) is an anti-inflammatory cytokine mainly secreted by monocytes, lymphocytes, and mast cells. IL-10 has multiple effects on inflammation and immunomodulation by downregulating inflammatory cytokines.[@b14-gnl-14-100] IL-10 knockout (KO) mice are a well-known animal model of IBD that develops spontaneous gut inflammation similar Crohn's disease. In this study, we administered MSCs to IL-10 KO mice and evaluated production of ROS and its scavengers, inflammatory cytokine expression, and histological findings. The results were compared to those from parallel control IL-10 KO (CON) and normal wild-type mice to evaluate the effects of MSCs on progress of IBD.

MATERIALS AND METHODS
=====================

1. MSCs culture and characterization
------------------------------------

Human bone marrow samples were harvested from the iliac crest of the donors using a protocol approved by the Internal Review Board of Yeungnam University Hospital. MSCs were isolated using modified versions of previously described methods.[@b15-gnl-14-100] Briefly, mononuclear cells were isolated using a density gradient centrifuge with density 1.08 Percoll (Sigma, St. Louis, MO, USA) solution at 480 ×*g* for 15 minutes. and were cultured in DMEM (Dulbecco Modified Eagle Medium; Gibco-BRL, Grand Island, NY, USA) with 10% fetal bovine serum (FBS; Gibco-BRL), penicillin, and streptomycin (Gibco-BRL). The cells from passages 2--3 were used in this study.

For the following cytometric analysis, the cells were trypsinized and incubated with primary antibodies for mouse anti-human CD105 (Abcam, Cambridge, UK), mouse anti-human CD90 (Abcam), mouse anti-human CD73 (Abcam), and mouse anti-human CD45 (Abcam) for 30 minutes at 25°C, while no antibodies were included in the negative control. After incubation with secondary fluorescein isothiocyanate-labelled anti-mouse IgG (Sigma) in the dark for 30 minutes, the cells were analyzed with a FACScan fluorescence-activated cell sorter (BD Biosciences, Franklin Lakes, NJ, USA) equipped with CellQuest software (BD Biosciences).

To evaluate the differentiation potential, the cells were incubated in osteogenic and adipogenic media for 1 week, and Oil red O (Sigma) and ELF97^®^ Endogenous Phosphatase Detection Kit (Molecular Probes, Eugene, OR, USA) were used to stain lipid droplets in adipocytes and alkaline phosphatase in osteoblasts, respectively.[@b15-gnl-14-100]

2. Animals and procedures
-------------------------

Eleven-week-old wild C57BL/6 and IL-10^−/−^ mice were obtained from Koatech (Pyeongtaek, Korea) and Jackson Laboratories (Bar Harbor, ME, USA), respectively. The mice were maintained in specific pathogen free condition and all experimental protocols were approved by the Institutional Animal Care and Use Committee of College of Medicine, Yeungnam University. IL-10^−/−^ mice were used for MSC and CON groups (n=6 each) whereas normal wild type C57BL/6 mice were used for Wild group (n=6) and adapted while feeding of a normal rodent chew diet. After 1 week, animals were divided into Wild, MSC, and CON groups and adapted while feeding of a normal rodent chew diet. After 1 week, 200 μL PBS containing 5×10^5^ MSCs were injected through the tail vein for the MSC group and the same volume of PBS was used for the CON and Wild groups. One week after cell injection, another booster injection of MSCs or PBS was administered. One week after booster injection, the animals were sacrificed, and the large intestines were harvested. Tissue samples were divided into the cecum, ascending colon, and descending colon. Part of the sample was fixed in 3.7% paraformaldehyde overnight at 4°C, dehydrated in ethanol, and embedded in paraffin. The sections were stained with hematoxylin and eosin for observation of general histological changes or Manson's trichrome, collagen fiber specific stain, for evaluation of collagen deposition. The remaining tissues were frozen in liquid nitrogen for molecular biological analysis.

3. Oxidative stress analysis
----------------------------

To measure superoxide (O~2~^−^) levels, 20 μL of tissue lysates and 200 μL of dihydroethidium (10 μM; Sigma) were incubated in 96-well plates for 10 minutes at 25°C. Fluorescence was measured with a Spectra Max Gemini EM fluorescence microplate reader (Molecular Devices, Sunnyvale, CA, USA) at excitation/emission wavelengths of 544/612 nm at 37°C. The relative fluorescence intensity versus the Wild group were reported as data. Xylenol orange (Sigma) was used for measuring hydrogen peroxide (H~2~O~2~) levels. One hundred microliters of tissue lysate (100 μg protein) were incubated for 30 minutes at 25°C with 900 μL of Fox reagent (25 mM H~2~SO~4~, 0.1 M sorbitol, 2.5 mM ferrous ammonium sulphate, and 0.1 mM xylenol orange). Supernatants was collected and measured absorbance using an E max Precision Microplate Reader (Molecular Devices)[@b16-gnl-14-100] at 570 nm. Lipid peroxidation levels were evaluated by measuring the formation of malondialdehyde (MDA). One hundred microliters of tissue lysate (100 μg protein) were mixed with 1.4 mL of TBARS solution (0.375% thiobarbituric acid, 15% trichloroacetic acid, and 0.25 N HCl) and then heated in boiling water (95°C to 100°C) for 15 minutes to develop the pink color. After centrifugation at 13,000 ×*g* for 10 minutes, supernatants were collected and absorption was measured using an E max Precision Microplate Reader (Molecular Devices)[@b17-gnl-14-100] at 540 nm.

4. Western blot analysis
------------------------

For Western blotting experiments, protein electrophoresis was performed as described previously.[@b17-gnl-14-100] Proteins were transferred onto Immobilon-P membranes (Millipore, Billerica, MA, USA), blocked with 5% skim milk in Tris buffered saline with Tween 20 (TBST), and incubated overnight in 25°C with the following antibodies against various proteins: CD4 (1:1,000; Novus Biologicals, Littleton, CO, USA), CD8 (1:1,000; Novus Biologicals), TNF-α (1:1,000; Abcam), interferon (INF)-γ (1:1,000; Abcam), IL-4 (1:1,000; Abcam), phospho (p)-NF-κB/p65 (1:1,000; Cell Signaling, Danvers, MA, USA), SOD 1 (1:1,000; Enzo Life Sciences, Farmingdale, NY, USA), SOD2 (1:1,000; Bioworld Technology, Inc., St. Louis Park, MN, USA), catalase (1:1,000; Bioworld Technology, Inc), fibronectin (1:1,000; BD Biosciences), type I collagen (1:1,000; Abcam), and β-actin (1:5,000; Santa Cruz Biotechnology, Dallas, TX, USA). After washing, the membranes were incubated for 1 hour at 25°C with a 1:700 dilution of horseradish peroxidase-conjugated horse anti-mouse (Santa Cruz Biotechnology), anti-goat (Santa Cruz Biotechnology), or goat anti-rabbit (Santa Cruz Biotechnology) antibody. The specific proteins were visualized by enhanced chemiluminescence (Millipore). β-Actin was used as a loading control for normalization of the respective proteins. Band density was quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

5. Statistical analysis
-----------------------

All graphs are figured as the mean±standard error. One-way analysis of variance was performed to assess statistical differences between groups. Differences between groups were considered statistically significant at p\<0.05.

RESULTS
=======

1. MSC characteristics
----------------------

Culture dish-attached MSCs grew rapidly and showed the typical shape of MSCs as polygonal with multiple cytoplasmic processes. Flow cytometric analysis revealed no expression of the leukocyte marker CD45 or hematopoietic cell marker CD34, as in the negative control. The MSC markers CD73, CD90, and CD105 were highly expressed ([Fig. 1A](#f1-gnl-14-100){ref-type="fig"}). The plasticity of MSCs was detected as their differentiation into adipocytes and osteoblasts. Abundant round red stained lipid droplets were observed in the cells cultured in adipogenic media ([Fig. 1B](#f1-gnl-14-100){ref-type="fig"}) and intensive fluorescent dots, stained by ELF for alkaline phosphatase, were observed in cells cultured in osteogenic media ([Fig. 1C](#f1-gnl-14-100){ref-type="fig"}).

2. Gross and microscopic findings
---------------------------------

Compared to the transparent pinkish wild-type intestine, the wall of IL-10 KO mouse intestine was thick and whitish opaque. This pattern was milder in the MSC group than in the CON group. The solidity of the fecal material caused the intestine to form a regular bolus shape in the Wild group, but this effect disappeared in the CON group because of diarrhea in IL-10 KO mice. Lesser bolus formation was observed in the CON group compared to in the MSC group ([Fig. 2](#f2-gnl-14-100){ref-type="fig"}).

Mucosal and submucosal thickening and inflammatory cell infiltration were clearly observed in IL-10 KO mice. The infiltration of the cell was prominent in the lamina propria. Such inflammatory changes were severe in the CON group compared to in the MSC group ([Fig. 3](#f3-gnl-14-100){ref-type="fig"}).

3. Inflammation and fibrosis
----------------------------

The number of the cells expressing helper-T cell marker (CD4) was increased in MSC and CON compared to Wild but no difference was observed between MSC and CON groups. Killer-T cell marker (CD8) expression was lower in the MSC group than in the CON group. Inflammation-related gene (TNF-α, INF-γ, IL-4, and p-NF-kB) expression was also significantly elevated in the CON group compared to in the MSC group ([Fig. 4](#f4-gnl-14-100){ref-type="fig"}).

Fibrosis-related protein (fibronectin and type I collagen) expression was increased in IL-10 KO mice, and type I collagen level was significantly higher than in the MSC group ([Fig. 5](#f5-gnl-14-100){ref-type="fig"}). Manson's trichrome stained blue-colored collagen fibers were observed predominantly in the submucosal layer and the staining intensity was correlated with the results of Western blotting, particularly in the cecum and ascending colon ([Fig. 6](#f6-gnl-14-100){ref-type="fig"}).

4. Oxidative stress
-------------------

ROS (superoxide and hydrogen peroxide) and lipid MDA formation was significantly higher in the CON group than in the MSC and Wild groups ([Fig. 7](#f7-gnl-14-100){ref-type="fig"}). Expression of antioxidant enzymes showed the reverse pattern as oxidative stress. Catalase and SOD1 formation was decreased in IL-10 KO mice but was significantly higher in the MSC group than in the CON group, whereas SDO2 showed similar levels ([Fig. 8](#f8-gnl-14-100){ref-type="fig"}).

DISCUSSION
==========

Despite intensive research in the last two decades, the exact etiology of IBD remains unclear. A combination of a patient's immune response, microbiota, environment, and genetics play an important role in the induction and aggravation of the inflammatory cascade in patients with Crohn's disease and those with ulcerative colitis.[@b18-gnl-14-100] Because IBD is an interactive disease with predisposing inherent factors, unidirectional chemical or biological treatment focusing on wound healing or immunological abnormalities may not produce satisfactory results. MSCs introduced as multipotent mesodermal stem cells can be used as a cell source for tissue healing in regenerative medicine.[@b19-gnl-14-100] Numerous studies altered the concept of MSCs to "drug stores" or "medicinal signaling cells" because bioactive factors from exogenously supplied MSCs suppress over-activation of the immune system and stimulate the patient's site-specific and tissue-specific resident stem cells to construct new tissue.[@b20-gnl-14-100],[@b21-gnl-14-100] The multiple biological functions of stem cells may be applicable in cell-based therapy. However, optimization of MSC therapy appears to be the most important factor and can be resolved only by determining the mechanisms of therapeutic functions. However, the translational arm of stem cell biology requires further development.[@b21-gnl-14-100] We previously reported that MSCs attenuate IBD by improving histological disturbances such as inflammation and decrease inflammatory cytokine expression.[@b22-gnl-14-100] This result provided the basis for our further studies of the mechanism of MSCs in IBD.

Included in our previous study, piroxicam is frequently used to induce reliable IBD induction in IL-10 KO mouse models. In this study, we used 12-week-old mice after a preliminary study of reliable IBD development without piroxicam because piroxicam influences oxidative stress.[@b23-gnl-14-100] Gross and histological changes as well as inflammatory cytokine expression were severe in the CON group compared to in the MSC group in this study model. Our data showed that ROS (superoxide and hydrogen peroxide) and MDA, the end-product of lipid oxidation, were significantly reduced in the MSC group compared to in the CON group. Decreased ROS scavenger (catalase and SOD1) levels in IL-10 KO mice (CON) were preserved in MSC-transferred mice (MSC). The slight change in mitochondrial SOD (SOD2) compared to cytoplasmic SOD (SOD1) and catalase suggests that MSCs influence cytoplasmic antioxidation.

Detailed studies in the past decade have shown that oxidative stress is one of major mechanism involved in the pathophysiology of IBD,[@b24-gnl-14-100] particularly because an inflammatory process induces oxidative stress and reduces cellular antioxidant capacity and oxidative stress while aggravating inflammation.[@b25-gnl-14-100],[@b26-gnl-14-100] ROS play a dual role: they are essential for several processes in the cell, including intracellular signaling and regulatory mechanisms or host defense against microbiota at low levels, but damage organelles at high levels. Antioxidants play a predominant role in protecting against ROS. These molecules protect cells against pro-oxidant molecules by preventing or slowing the oxidation of other molecules. Various endogenous antioxidants in the cell are enzymes such as SOD, catalase, and glutathione peroxidase. A state in which increased formation of ROS overwhelms the body's antioxidant protection can be dangerous, as it may alter inflammatory responses and lead to lipid and protein modifications, DNA damage, apoptosis, or cancerogenic cell transformation. Thus, oxidative stress has been implicated in numerous human diseases, including IBD and colorectal cancer.[@b27-gnl-14-100]

Our data showed that MSCs decreased oxidative stress by reducing ROS production and by increasing antioxidant formation. Moreover, fibrosis in the intestine was mitigated by MSCs. Inflammation and ROS are correlated and show synergic effects on tissue damage. Both drive apoptosis and fibrosis. Uncontrolled conditions can lead to irreversible tissue damage and result in organ failure. Thus, MSCs are promising candidates for the treatment of IBD because of their ability to reduce oxidative stress.
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![Stem cell characterization. Flow cytometric analysis of surface CD marker expression in cultured mesenchymal stem cell (MSC). MSC markers (CD73, CD90, and CD105) were highly expressed, while a hematopoietic marker (CD34) and a leukocyte marker (CD45) were not expressed (A). MSCs cultured in adipogenic media contained Oil Red O-stained lipid droplets in the cytoplasm (B), while MSCs cultured in osteogenic media possessed ELF-stained alkaline phosphatase granules in the cytoplasm (C).\
CON, control.](gnl-14-100f1){#f1-gnl-14-100}

![Gross observation of cecum, ascending colon and descending colon of the normal wild-type control mice (Wild) and saline-treated (CON) or MSCs-treated (MSC) IL-10 KO mice. Intestinal wall thickening was obvious in IL-10 KO mice, while bolus formation owing to the solidity of fecal material (arrows) was more prominent in the MSC group than in the CON group.\
MSCs, mesenchymal stem cells; IL-10 KO, interleukin-10 knockout.](gnl-14-100f2){#f2-gnl-14-100}

![Photomicrographs of the cecum, ascending colon and descending colon of the normal wild-type control mice (Wild) and MSCs-treated (MSC) or saline-treated (CON) IL-10 KO mice. Inflammatory cell infiltration and lamina propria thickening were prominent in the CON group (H&E).\
MSCs, mesenchymal stem cells; IL-10 KO, interleukin-10 knockout.](gnl-14-100f3){#f3-gnl-14-100}

![(A) Expression levels of inflammation-related genes in the normal wild-type control mice (Wild) and MSCs-treated (MSC) or saline-treated (CON) IL-10 KO mice. (B) Bands were standardized and are shown in the graph. CD4, CD8, TNF-α, INF-γ, IL-4, and p-NF-κB/p65 expression levels were significantly lower in the MSC group than in the CON group. Bars show mean±SE.\
MSC, mesenchymal stem cell; TNF-α, tumor necrosis factor α; INF-γ, interferon-γ; IL-4, interleukin-4; p-NF-κB, phospho-NF-κB; IL-10 KO, interleukin-10 knockout; SE, standard error. \*p\<0.05 vs Wild; ^†^p\<0.05 vs in MSC (n=6).](gnl-14-100f4){#f4-gnl-14-100}

![(A) Fibrosis-related protein expression level in the normal wild-type control mice (Wild) and MSCs-treated (MSC) or saline-treated (CON) IL-10 KO mice. (B) The level of type I collagen was elevated in IL-10 KO mice, and the CON group showed significantly higher levels than the MSC group. Bars show the mean±SE.\
MSC, mesenchymal stem cell; IL-10 KO, interleukin-10 knockout; SE, standard error, FN, fibronectin; COL1, type I collagen. \*p\<0.05 vs Wild; †p\<0.05 vs in MSC (n=6).](gnl-14-100f5){#f5-gnl-14-100}

![Collagen deposition in the deposition in the normal wild-type control (Wild) and MSCs-treated (MSC) or saline-treated (CON) IL-10 KO mice. Manson's trichrome-stained blue-colored collagen fibers (\*) were observed predominantly in the submucosal layer, and the intensity of staining was correlated with the Western blot results, particularly in the cecum and ascending colon.\
MSC, mesenchymal stem cell; IL-10 KO, interleukin-10 knockout.](gnl-14-100f6){#f6-gnl-14-100}

![Production levels of superoxide (A), hydrogen peroxide (B), and MDA (C) in the large intestine, which were significantly higher in the saline-treated (CON) group than in the normal wild-type control (Wild) and MSCs-treated (MSC) groups. Bars show the mean±SE.\
MDA, malondialdehyde; MSC, mesenchymal stem cell; SE, standard error. \*p\<0.05 vs Wild; †p\<0.05 vs in MSC (n=6).](gnl-14-100f7){#f7-gnl-14-100}

![Expression levels of superoxide dismutase (SOD) 1, 2 and catalase in the normal wild-type control (Wild) and MSCs-treated (MSC) or saline-treated (CON) groups (A). Bands were standardized and are shown in the graph (B). Catalase and SOD1 expression levels were lower in IL-10 KO mice than in Wild mice, but MSC treatment reduced the difference. Bars show the mean±SE.\
MSC, mesenchymal stem cell; IL-10 KO, interleukin-10 knockout; SE, standard error. \*p\<0.05 vs Wild; ^†^p\<0.05 vs in MSC (n=6).](gnl-14-100f8){#f8-gnl-14-100}
